In this paper, a novel 2 × 2 multiple-input multiple-output orthogonal frequency division multiplexing (MIMO-OFDM) testbed based on an Analog Devices AD9361 highly integrated radio frequency (RF) agile transceiver was specifically implemented for the purpose of estimating and analyzing MIMO-OFDM channel capacity in vehicle-to-infrastructure (V2I) environments using the 920 MHz industrial, scientific, and medical (ISM) band. We implemented two-dimensional discrete cosine transform-based filtering to reduce the channel estimation errors and show its effectiveness on our measurement results. We have also analyzed the effects of channel estimation error on the MIMO channel capacity by simulation. Three different scenarios of subcarrier spacing were investigated which correspond to IEEE 802.11p, Long-Term Evolution (LTE), and Digital Video Broadcasting Terrestrial (DVB-T)(2k) standards. An extensive MIMO-OFDM V2I channel measurement campaign was performed in a suburban environment. Analysis of the measured MIMO channel capacity results as a function of the transmitter-to-receiver (TX-RX) separation distance up to 250 m shows that the variance of the MIMO channel capacity is larger for the near-range line-of-sight (LOS) scenarios than for the long-range non-LOS cases, using a fixed receiver signal-to-noise ratio (SNR) criterion. We observed that the largest capacity values were achieved at LOS propagation despite the common assumption of a degenerated MIMO channel in LOS. We consider that this is due to the large angular spacing between MIMO subchannels which occurs when the receiver vehicle rooftop antennas pass by the fixed transmitter antennas at close range, causing MIMO subchannels to be orthogonal. In addition, analysis on the effects of different subcarrier spacings on MIMO-OFDM channel capacity showed negligible differences in mean channel capacity for the subcarrier spacing range investigated. Measured channels described in this paper are available on request.
Introduction
Multiple-input multiple-output (MIMO) systems have attracted considerable attention due to the increasing requirements of high capacity, spectral efficiency, and reliability in wireless communications. For example, MIMO systems have been adopted in the Long-Term Evolution (LTE) system, and it is expected that the upcoming developments in IEEE 802.11p and Digital Video Broadcasting Terrestrial (DVB-T) wireless standards will include the use of MIMO. It has been shown [1] that MIMO, when deployed in a rich scattering environment, is capable of achieving high spectral efficiency, capacity, and reliability by exploiting the increased spatial degrees of freedom. MIMO is often combined with the orthogonal frequency division multiplexing (OFDM) in modern wireless standards in order to achieve higher data rates and performance improvements in a multipath fading environment without increasing the required bandwidth or transmission power.
Efficient vehicular communication is a key in the development of intelligent transport systems (ITS) and requires the exchange of messages between two vehicles (vehicleto-vehicle or V2V communications) or between a vehicle and a roadside unit (vehicle-to-infrastructure or V2I com-munications). Basically, there are two kinds of vehicular applications: those dedicated to providing safety services and others for non-safety applications [2] . For safety purposes, the use of licensed band at 5.9 GHz has been considered to avoid the problem of interference typically faced in the use of industrial, scientific, and medical (ISM) radio bands. Non-safety applications use the ISM band for the purpose of infotainment (e.g., high data rate Internet access for video streaming) where the availability of the service is expected to be opportunistic. The 920 MHz ISM band in Australia occupies 918-926 MHz. Among the ISM bands, the 920 MHz band gives an optimal tradeoff of robustness against slow fading, achieving a longer range in cluttered environments and having a sufficient bandwidth for the high-data-rate Internet access. This paper focuses on the non-safety V2I applications at the 920 MHz ISM band which promises to provide infotainment applications, mobile internet services, and social network applications which are widely used in people's daily activities in vehicles. The successful deployment of commercial MIMO systems will require a solid understanding of the channel characteristics in which it will operate. In order to assess the performance of new wireless communication systems using MIMO antennas, it is desirable to evaluate them in realistic measurement scenarios. Consequently, numerous MIMO channel measurement campaigns have been carried out in vehicular environments [3] [4] [5] [6] [7] . However, only a few research publications have considered MIMO V2V channels [8] [9] [10] [11] [12] , and even fewer theoretically based research works have investigated MIMO V2I channels [13, 14] . A number of single-input single-output (SISO) antenna V2V and V2I channel measurement campaigns have been conducted [15, 16] . However, to the best of our knowledge, we are not aware of any MIMO-OFDM measurement results for V2I communications published in the scientific literature to date. In this paper, we focus on presenting the results of an experimental investigation of 2 × 2 MIMO-OFDM channel measurements performed in a real V2I driving scenario under both line-of-sight (LOS) and non-LOS (NLOS) conditions at the 920 MHz ISM band in a suburban environment. A channel sounding system based on a software-defined radio (SDR) platform was implemented and used to perform an extensive measurement campaign in a suburban environment. In comparison to the use of the conventional heavy and expensive radio frequency (RF) test equipment such as signal generators, vector network analyzers, and spectrum analyzers, SDR provides a flexible, inexpensive, and cost-effective measurement setup implemented in software that enables researchers to use and control the radio signal through software tools such as MATLAB.
The rapid development of MIMO systems has been based on the assumption that independent and identically distributed (i.i.d) or correlated Rayleigh fading with NLOS components is available and a high number of multipath components are created by the surrounding environment [17] [18] [19] . This, however, is not valid in all cases, and it is violated due to the existence of a LOS component that is stronger than other components. Hence, the channel can be more effectively modeled using the Ricean distribution. Conventionally, the presence of a LOS component is thought to limit the benefits of MIMO systems because of the rank deficiency of the channel matrix [20, 21] ; however, a number of investigations [13, 14, [22] [23] [24] [25] [26] have shown that using antennas positioned or spaced in such a way that the LOS MIMO subchannels are orthogonal results in a full-rank MIMO channel matrix and therefore high-capacity channels. The common idea behind these approaches is to place the antenna elements sufficiently far apart so that the spatial LOS MIMO subchannels become orthogonal with a phase difference of π/2. The optimal spacings can be worked out via simple geometrical tools, while the channel matrix becomes full rank and delivers equal eigenvalues. This is known as an optimized LOS MIMO system [24] . We can determine the required inter-element spacings to achieve the maximum 2 × 2 MIMO capacity. The formula is a function of the interelement distance, the transmitter-to-receiver (TX-RX) separation distance, the orientation of the arrays, and the carrier frequency.
This paper validates the theoretical maximum LOS MIMO capacity criteria in [14, 25, 27, 28] by presenting a measurement-based analysis of mean MIMO capacity (mean over the channel bandwidth and the time of 50 ms) as a function of TX-RX separation distance. The technique is based on the achievement of spatial multiplexing in scenarios by creating an artificial multipath not caused by physical objects but rather by deliberate antenna placement or separation of the antenna elements in such a way that a deterministic and constant orthogonal multipath is created at a specific TX-RX separation distance called D opt . This paper also analyzes the MIMO channel capacity for three different subcarrier spacings: large subcarrier spacing (LSS), medium subcarrier spacing (MSS), and small subcarrier spacing (SSS). These subcarrier spacings approximately correspond to IEEE 802.11p Wireless Access in Vehicular Environment, LTE, and the 2k version of the DVB-T standard. It is important to note that this paper analyzes the capacity of the MIMO channels with three different values of subcarrier spacing and not the capacity of the whole system. In this analysis, the MIMO channels are estimated by the least square (LS) channel estimation method with known channel training symbols [29] . The channel estimation error due to lower signal-to-noise ratio (SNR) at a longer TX-RX separation distance is substantially reduced by applying twodimensional discrete cosine transform (2D DCT)-based filtering to take advantage of the time and frequency coherence of the channel [30] [31] [32] .
The remainder of the paper is organized as follows. Section 1.2 describes the channel model, MIMO channel capacity, the derivation for maximum LOS MIMO channel capacity criteria, and the LS channel estimation. Section 1.3 presents the MIMO-OFDM V2I measurement equipment, measurement environment, and parameters. In Section 1.4, we present the analysis of measurement results. Finally, Section 2 summarizes the paper and adds concluding remarks.
Channel model and capacity

LOS MIMO channel model
To investigate the capacity of a MIMO channel in the presence of a LOS component, a suitable channel model for the MIMO channel is needed. According to [21, 28] and [25] , a suitable way to model the channel matrix is as a sum of two components, a LOS component and a NLOS component. The ratio between the power of the two components gives the Ricean K factor. The MIMO channel matrix is modeled as
where H LOS denotes the matrix containing the free space responses between all elements, H NLOS accounts for the scattered signals, and K is the Ricean K-factor which is equal to the ratio of the free space and scattered signals [33, 34] . As given in [25] and [27] , the free space component, H LOS , of the complex response between a transmitting element m and a receiving element n (assuming that both elements are isotropic) is given as e −jβd n,m /d n,m where β is the wave number corresponding to the carrier wavelength λ and it is given as β = 2π λ . d n,m is the distance between the nth receiving element and the mth transmitting element. With the assumption that the difference in the pathloss is negligible and that there is no mutual coupling between the elements, the normalized free space response matrix of an n r × n t MIMO system can be expressed as 
where H LOS is totally deterministic and depends only on the positioning or separation distance between both elements of the RX and TX antennas. Contrastingly, the response due to H NLOS is a random complex matrix and is often modeled by stochastic process, i.e., H NLOS ⊂ n r ×n t with i.i.d elements.
MIMO channel capacity
In any communication system, the fundamental measure of performance is the capacity of the channel, which is the maximum rate of communication for which arbitrarily small error probability can be achieved [35] . In this section, the capacity definition of MIMO systems is presented and the minimum and maximum capacity criteria are derived in terms of the channel response matrix. In this case, the receiver is assumed to have perfect channel state information (CSI) but no such prior knowledge is available at the transmitter. Hence, the Shannon capacity formula for the MIMO channel is given as [1, 36] 
where C k is the MIMO channel capacity in bits per second per Hertz (bits/s/Hz) at the kth OFDM subcarrier, I n r is the identity matrix and superscript H denotes the complex conjugate transpose (Hermitian), ρ corresponds to the average received SNR per receiver over MIMO subchannels, and n t and n r are the number of transmitting and receiving antenna elements, respectively. We note that the above capacity formula relies on a uniform power allocation scheme at all transmitting elements. Assuming that n t ≤ n r , we can write 
F . The MIMO channel capacity is calculated at each OFDM subcarrier using the above equation, while the MIMO-OFDM channel capacity is calculated as an average of the MIMO channel capacity over all OFDM subcarriers at a fixed signal SNR = 20 dB. For our measurement analysis, we chose signal SNR = 20 dB to have an even estimation of the MIMO channel capacity along the path and to emphasize effects of the MIMO channel structure on the capacity. The fixed value of signal SNR = 20 dB was chosen as an example, which is typically used for MIMO channel capacity analysis for the system using 16-quadrature amplitude modulation (QAM) or 64-QAM (e.g., [27, 37] )
We note that the MIMO capacity value monotonically increases or decreases with the higher or lower signal SNR and it does not affect the conclusions of comparative analysis of higher or lower MIMO channel capacity as a function of subcarrier spacing or environment as have been performed in this paper. The MIMO channel capacity referred to in this paper corresponds to an ideal capacity, where it is assumed that a perfect CSI is available at the receiver. The actual capacity is typically reduced from this capacity due to the inaccuracy of the CSI at the receiver, especially in a mobile environment. In addition, the effects of inter-carrier interference (ICI) and inter-symbol interference (ISI) are ignored in this paper. We consider that the effects of ICI are small given the subcarrier spacing used and the maximum Doppler shift assumed. The ISI is expected to be removed by the use of cyclic prefix.
For a SISO fading channel with perfect knowledge of the channel at the receiver, the capacity of a SISO link is given as C = log 2 (1 + ρ). Therefore, the capacity of an equivalent SISO link is equal to approximately 6.66 bps/Hz at ρ.
In this paper, there are two types of SNR being discussed. The first is nominated as ρ in (2) and is referred as signal SNR. The second SNR is referred to as channel estimation (CE) SNR which indicates the quality of the channel estimation.
Maximum LOS MIMO capacity criteria
In conventional MIMO systems, an inter-element antenna spacing equal to λ/2 is considered to be adequate to avoid strong correlation between received signals [38] . For most indoor applications, this inter-element spacing is still applicable; however, for V2I systems, such spacing cannot be used to achieve maximum capacity due to the larger distance between RX and TX, which tends to reduce the angular spacing and hence to increase correlation between subchannels. Figure 1 shows an example of the geometry of the positions of TX and RX antenna elements and associated parameters in V2I systems. In Fig. 1 , θ is the angular spacing between the two MIMO subchannels. We used a 2 × 2 MIMO system as the basis of our derivation of the maximum capacity criterion. Figure 2 shows a simplified 2D version of the model.
The conditions for achieving the minimum and maximum capacities in a time-invariant or slow time-varying MIMO channel are given below as in [27] . The minimum MIMO capacity is obtained when HH H = n t 1 n r , where 1 n r is an n r × n r all ones matrix. This corresponds to a system with rank-1 H LOS response with an associated capacity that is equivalent to that of a SISO channel given as C min = log 2 (1 + n r ρ). The capacity in Eq. (2) is maximized for HH H = n t I n r , i.e., when H is orthogonal. This response corresponds to a system with perfectly orthogonal MIMO subchannels, and the capacity of the MIMO channel is then equivalent to that of n r independent SISO channels given as follows: C max = n r log 2 (1 + ρ), C max corresponds to a maximum capacity value of 13.32 bps/Hz for a 2 × 2 MIMO system. From the normalized free space channel response matrix of the n r × n t MIMO system given above, the correlation matrix is given as follows: 
In the case of the 2 × 2 MIMO system, the above equation can be simplified to
It is clearly seen that the matrices are deterministic and depend on the distance between the TX and RX elements [39] . It can be seen that HH H becomes a square 
that is, when all eigenvalues of HH H become equal and we end up with perfectly orthogonal MIMO spatial subchannels. Sarris et al. in [25, 27] have shown that this maximum capacity condition is satisfied when
where λ is the wavelength at any carrier frequency, Z + represents the set of integers, and (2r+1) is an odd integer number. In physical terms, the authors in [25, 27] concluded that Eq. (5) stated that the approximate maximum capacity criterion corresponds to systems where the sum of the path differences
is an odd integer multiple of a half wavelength [27] . In Fig. 3 , the RX is moving along the street while the TX is mounted in a fixed position. Both the TX and RX antennas have two antennas on each side. Equation (5) 21 , and hence, the maximum capacity is achieved when Figure 1 illustrates a case for a 2 × 2 MIMO antenna array with a spacing of s 1 at TX and s 2 at RX. The equation for the TX-RX separation distance D and the angle of rotation θ between the first element of each array is defined in [25, 27] as 
For V2I systems, the simplified maximum LOS-MIMO capacity criterion has been given in [13, 14, 25 ] as
This equation shows that if all s 1 , s 2 , D, θ, and λ satisfy (9) with a certain r Z + , the MIMO capacity will be at its maximum. It is interesting to note that (9) is a function of the inter-element distances (s 1 , s 2 ), the TX-RX separation distance (D), the orientation of the arrays (θ), and the carrier frequency (f c ). Thus, the simplified 2 × 2 MIMO capacity criterion is expressed in terms of the s 1 , s 2 , D, θ, and f c . Equation (5) shows a criterion that should be satisfied to maximize the channel capacity. The criterion is simplified and concluded in (9) . This implies that if (9) is met based on the positioning and separation of TX and RX, we will achieve the maximum channel capacity in a 2 × 2 MIMO system. For a time-invariant channel, λ, D, and θ are constant. As a consequence, the second part of (9) can be constant with a certain r Z + . We can satisfy (9) by setting appropriate s 1 , s 2 , and we can claim that the channel capacity is at its maximum when that is fulfilled. In mobile scenarios, D and θ may vary with the movement of the RX vehicle. To simplify further, the minimum optimal spacing or the first solution of (9) is satisfied when θ = 0 and r = 0. Therefore, the antenna separation distance required for optimal LOS MIMO operation is expressed as
Conceptually, a larger TX-RX separation distance requires larger antenna element spacings, and lower frequencies require larger antenna spacings. For fixed f and D, the antenna arrays could be easily designed so that subchannel orthogonality can be achieved which will result to the attainment of maximum capacity in LOS scenarios. For V2I communications where the RX vehicle is moving, D and θ change with time. Hence, the receiver antenna array is not fixed at a specific position, but its location varies with the motion of the vehicle. The optimal LOS MIMO V2I operation depends on achieving the optimal angle θ opt and separation distance between TX and RX D opt .
Least square channel estimation
The least square channel estimation is needed by many pilot-based channel estimation for MIMO-OFDM as an initial estimation. It is the simplest approach to pilotsymbol-aided (PSA) channel estimation in OFDM systems, and no a priori information is assumed to be known about the statistics of the channel taps. However, it shows poor accuracy as it is performed on a frame-by-frame basis with no filtering of the estimate. The SISO-OFDM system model at the nth OFDM symbol and kth OFDM subcarrier is given as [29] 
Y n,k is the received signals, X n,k is the transmitted signal, and W n,k is the adaptive white Gaussian noise (AWGN). The LS channel estimationĤ LS n,k is given aŝ
It is important to note that this simple LS estimateĤ LS does not exploit the correlation of channels across frequency carriers and across OFDM symbols. We utilized the LS estimation approach to get the initial MIMO channel estimates at the pilot subcarriers, which was then further improved using a 2D DCT filtering technique in both time and frequency [30] [31] [32] . The effectiveness of this technique is shown in the Section 1.4.
MIMO-OFDM V2I measurements
Measurement equipment
The 2×2 MIMO-OFDM V2I channel measurements were performed using an in-house built software-defined radio platform using AD9361 dual MIMO RF agile transceivers from Analog Devices, as TX and RX. The AD9361 is a wideband 2 × 2 MIMO transceiver. It combines an RF front-end with a flexible mixed-signal baseband section with a 12-bit analog-to-digital converter (ADC) and a digital-to-analog converter (DAC) and integrated frequency synthesizers. It provides a configurable digital interface to a processor. It operates from 70 MHz to 6.0 GHz, with tunable bandwidth from 200 kHz to 56 MHz. The equipment transmits channel sounding OFDM signals with three different subcarrier spacings, as shown in Table 1 .
A custom-built user interface software running on Windows operating system was used. This software captures ADC samples and records them on a PC's hard disk via USB connection. The transmitter sends OFDM signals to sound the channel, which are eventually recorded at the receiver unit. By post-processing, we then obtained the complex channel transfer function or frequency response as explained in Section 1.2.4. The transmitted OFDM signal waveforms (DAC samples) were generated off-line in the PC, using MATLAB. The in-house built platform is equipped with a field-programmable gate array (FPGA) that streams the off-line generated waveforms to the AD9361's DAC. The baseband-to-RF module amplifies, filters, and up-converts the signals to RF (920 MHz), and the antenna module processes the signals from the RF stage and sends them to the receiver through the MIMO channel. At the receiver side, the signals reach the antennas and pass to the low-noise amplifiers and down converters. The baseband waveform is sampled by the ADC, and the sampled baseband waveform data is transferred to the PC via USB and recorded on the hard disk. Each transmitted OFDM-based wireless packet has an approximate duration of 50 ms. The transmitted OFDM packets were sampled at 32.768 M samples per second. The measurement channel bandwidths are 8.2, 9.0, and 6.7 MHz for LSS, MSS, and SSS, respectively. The transmitted data are modulated by quadrature phase shift keying (QPSK). The OFDM-based wireless packets entirely consisted of the pilot symbols for the purpose of the 2 × 2 MIMO-OFDM channel measurement. A 2 × 2 MIMO antenna system was implemented using two commercially available omnidirectional vertically polarized L-COM HGV-906 antennas and two off-the-shelf omnidirectional antennas as both TX and RX antenna array elements, respectively, for all measurements described in this paper. A 35-dBm high-power amplifier ZHL-1000-3W from Mini-Circuits was added at the transmitter to provide an output power of 23 dBm. With the use of a 6-dBi antenna, the maximum effective isotropic radiated power (EIRP) is 29 dBm. The spacing of the antenna elements is set to ≈ 6λ at TX and ≈ 3λ at RX where λ = 32.5 cm, i.e., the spacing between the TX antennas TX1-TX2 = 2 m and between the RX antennas is RX1-RX2 = 1 m. The two transmitter antennas (TX) were mounted at a fixed position each at the same height of H TX = 3.6 m and the two receiver antennas (RX) mounted at the rooftop of a vehicle at a height of H RX = 1.8 m, as shown in Fig. 3 . The measurement platform uses built-in Global Positioning System (GPS) receivers to ensure accurate synchronization of the TX and RX. In addition, the receiver system was equipped with an external EVK-6T-0 U-blox 6 GPS to provide measurement time stamp as well as the location and speed data for the RX vehicle.
We used a portable Rohde & Schwarz (R&S) FSH8 spectrum analyzer to measure the interference from other devices operating at the 920 MHz band. We observed that the transmitted signal from a nearby cellular base station was causing desensitization of our receiver. As a solution, we used channel filters to remove the effects of the interfering signals during the measurements. No other significant interference in the 920 MHz ISM band was observed during the measurements. All the measurement equipment was separately calibrated with Agilent signal generators and signal analyzers. The TX output power was measured with a power meter. The measurement parameters are summarized in Table 2 .
Measurement environments
The MIMO-OFDM V2I measurements were conducted on a suburban street located at CSIRO ICT Centre Laboratory in NSW, Australia. The environment can be characterized as suburban with a two-lane road, some office and residential buildings, cars, parking lots, concrete pillars, metallic sign posts and fences, base station mast, road signs, and high tree density on both sides of the street which provides a rich multipath scattering environment that favors MIMO channels. The measurements took place during working hours at the end of the winter season between 09:00 and 16:00 (GMT+10). The RX vehicle was following a rectangular route as illustrated in Fig. 4 . Each measurement scenario was recorded over a duration of 10 min for five different rounds. The capturing of the ADC samples was not performed continuously, and as such, the acquired data was limited to 5 GB. The maximum separation distance and relative speed between the TX and RX antenna were derived from the GPS location, and speed data was 250 m and 55 km/h, respectively. The separation distance varied between 3 and 250 m. Occasional blockage of the LOS occurred due to high tree density and buildings. Both LOS and NLOS conditions existed during the measurements. Significant scatterers in the surrounding environment are trees, buildings, residential houses and offices, traffic signs, metallic fences, and moving and parked cars that can significantly contribute to a multipath propagation environment. In the measurement scenarios, we transmitted OFDM packets with the parameters shown in Table 1 . The minimum guard interval of 1.6 μs was considered to be large enough to remove ISI in this short-range outdoor environment.
Measurement results and analysis
The post-processing of measurement data was performed using MATLAB. The measured MIMO channels are estimated from the received signals. In particular, the channel coefficients were estimated by LS channel estimation by sending known channel training symbols alternately in time using the two transmitters (e.g., the first transmitter sent channel training symbols at odd OFDM symbol time index and the second transmitter sent channel training symbols at even OFDM symbol time index). The transmitted wireless packets have a duration of 50 ms and consist of all known channel training symbols. The measurement system was equipped with GPS receivers at both the TX and the RX ends for accurate time reference (less than 100 ns ambiguity), which facilitated frame detection and time offset estimation. The GPS receivers also provided accurate frequency reference which removed the necessity of frequency offset estimation and correction. Residual frequency offset which was less than 100 Hz was included in the estimated channel. No additional ICI cancelation technique was applied, apart from the fact that the TX and the RX frequency references were synchronized to the GPS reference, which we expect to reduce the ICI problem significantly. We note that the Doppler shift expected in the measurement at 920 MHz with up to 55 km/h is approximately 47 Hz. Given the minimum subcarrier spacing of approximately 4 kHz (corresponding to SSS), we consider that the effects are negligible.
We used a high sampling rate of 32.768 Msps for the measurement to reduce the effect of noise. The use of oversampling to improve the SNR in OFDM transmission has been proposed in the literature [40, 41] . Random receiver noise is reduced by oversampling based on the assumption that the signal is coherent and that the noise is random. We extended our analysis to remove the effects of channel estimation errors by applying 2D DCT filtering in both time and frequency [30] [31] [32] . The 2D DCT has significantly reduced the effect of noise on our measurement results. In addition, we have included a simulation analysis to show that the effects of channel estimation error on MIMO channel capacity are small for high SNR up to 20 dB.
Effects of channel estimation error on MIMO channel capacity
We investigated the effects of channel estimation error on the MIMO capacity for i.i.d. Rayleigh fading channels by simulation. Figure 5 presents the deviation of the estimated capacity with channel estimation error for three different CE SNR (10, 20 , and 30 dB) in the case of 2 × 2 MIMO. Figure 5 clearly shows that a significant deviation in the measured MIMO channel capacity may result where the CE SNR is 10 dB, while the 30 dB CE SNR gives insignificant deviation. We applied 2D DCT-based filtering to reduce the effects of the channel estimation error and noise on our measurement results. Figures 6 and 7 present the measured 2 × 2 MIMO-OFDM doubly selective channel frequency response for the non-noise-reduced and noise-reduced MSS, respectively. The presented results correspond to NLOS propagation conditions. These are samples of the Figure 9 shows an example for a NLOS case. It can be seen that We approximately estimated the measured CE SNR as the difference between the noise-reduced MIMO channel and the LS-estimated MIMO channel, assuming that the noise-reduced MIMO channel is ideal. The results are Figure 10 presents the measured CE SNR as a function of the receiver position for the three different subcarrier spacings considered. The figure shows that the CE SNR indeed varies as a function of the receiver position and the separation distance. It shows the mean CE SNR for all locations having at least 15 dB. The measured CE SNR information as shown in Fig. 10 has practical value in understanding what distance can be achieved with a practical transmitting power value. However, we consider that it is important to separate the effects of CE SNR and the effects of the physical environment in analyzing the MIMO channel capacity. For this reason, we have chosen to use what we call fixed signal SNR criteria (transmitting power can be unlimitedly adjusted to provide fixed signal SNR at all receiver locations within the coverage) in analyzing the MIMO channel capacity in this paper. An example value of signal SNR = 20 dB was chosen for our MIMO capacity analysis, as this is typical for a wireless communication using 16-QAM or 64-QAM depending on the forward correction coding rate. In our actual measurement, automatic gain control (AGC) was used to adjust the gain at the receiver but not to the extent to assure the CE SNR of 20 dB at all measurement location, causing the channel estimation error corresponding to the CE SNR.
Measured MIMO-OFDM channel capacity variation as a function of the measurement time
From the collected data, the MIMO channel capacity was calculated based on Eq. (2) for the three different subcarrier spacing values considered. It is well known that MIMO channels depend on the values of the channel response matrix, the number of TX and RX antenna arrays, and the signal SNR at the receiver. The capacity evaluated at a fixed signal SNR is a measure of scattering richness of a MIMO channel and allows the analysis of capacity degradation due to the influence of spatial correlation when changing from LOS to NLOS conditions. The TX and RX antenna arrays are both individually separated at distances of approximately 6λ and 3λ, respectively, to reduce the influence of correlation. Figure 11 shows significant variations in mean capacity for different measurement times, ranging from a maximum of 13.6 bps/Hz to a minimum of 8.4 bps/Hz for all subcarrier spacing scenarios considered. Table 3 presents the cumulative distribution function (CDF) of the MIMO channel capacity for the three different subcarrier spacings considered: LSS, MSS, and SSS. Figure 12 presents the measured CDF of MIMO-OFDM channel capacity. Our analysis reveals that there is no significant variation in the MIMO capacity for the different OFDM standard subcarrier spacings considered for LSS, MSS, and SSS scenarios. This implies that any subcarrier spacing could be used in MIMO-OFDM systems to achieve optimal performance in terms of capacity. The dynamic range is defined in [3] as the difference between the maximum and the minimum values of the MIMO channel capacity. In this paper, we consider the 90 % capacity dynamic range C DR(90 %) as the difference between the 95 % (C 95 % ) and 5 % (C 5 % ) mean capacity values evaluated from the CDF of mean MIMO capacity. The measured C DR(90 %) are 3.3, 3.6, and 4.4 bps/Hz, respectively, for LSS, MSS, and SSS scenarios. Table 3 summarizes the dynamic range of mean MIMO-OFDM capacity for the three different subcarrier spacing scenarios considered. The CDF plots show there is a 10 % probability of the mean 2 × 2 MIMO channel capacity being below 9.7 bps/Hz and a 50 % probability of the mean capacity being below (or above) 11.4 bps/Hz for all the three scenarios considered. Furthermore, there is a 90 % probability of the mean capacity being below 12.2 bps/Hz for LSS cases, 12.5 bps/Hz for MSS cases, and 13.1 bps/Hz for SSS cases. In conclusion, lower capacity values in the range of 8 to 11 bps/Hz are achieved equally by all the subcarrier standards studied. However, higher capacity values on the order of 13 to 14 bps/Hz are achieved by the shorter subcarrier spacing standard (SSS) with higher probability. Currently, we do not have any theoretical reason for the variation of mean MIMO capacity values for different OFDM subcarrier spacings, and we encourage further investigation by researchers.
Cumulative distribution function of MIMO capacity
MIMO capacity as a function of time and frequency
Figures 13, 14, 15, 16, 17 and 18 show the MIMO channel capacity as a function of time and frequency for LSS, MSS, and SSS cases, each with LOS and NLOS scenarios. For the LSS case, it can be seen that channel capacity C varies from 7.8 to 15.0 bps/Hz for the LOS scenario in Fig. 13 . Larger variations within 50 ms can be observed (from 6.0 to 15.2 bps/Hz) when the vehicle is moving at higher speed and is under NLOS conditions, as shown in For the MSS case, the capacity varies from 9.5 to 13.5 bps/Hz for LOS in Fig. 15 and from 6.0 to 15 bps/Hz for NLOS scenario in Fig. 16 . And for the SSS case, the capacity varies from 10.5 to 14.0 bps/Hz and from 5.5 to 15.0 bps/Hz for LOS and NLOS scenarios, respectively. Generally, greater channel capacity dynamic range could be observed for NLOS conditions that involve larger TX-RX separation distances compared to the near-range LOS scenarios. Figures 19, 20 , and 21 present the measured maximum MIMO channel capacity for the LSS, MSS, and SSS scenarios, respectively. Interestingly, the maximum capacity C max for each scenario was achieved when there was a LOS path between RX and TX. Generally, it can be seen that for some subcarriers, the capacity is high, up to C max = 15.0 bps/Hz (resulting in better performance in terms of data rate link), while for other subcarriers, it is low, at C min = 4.0 bps/Hz (resulting in lower data rate link). These results show that the MIMO capacity significantly varies with different subcarrier indexes and OFDM symbols. In this measurement, the number of scatterers increases when the TX-RX separation distance increases, leading to the de-correlation of the MIMO subchannels and therefore an increase in capacity. When the TX-RX separation distance is small and a strong LOS component exists, the MIMO channel capacity is still large due to the larger angular spacing between the different MIMO subchannels which occur at small TX-RX separation distances. This large angular spacing between the different MIMO propagation paths causes orthogonality, which in turn increases the LOS MIMO channel capacity. Figure 22 presents the (mean) MIMO-OFDM channel capacity averaged over 50 ms packet time as a function of separation distance between TX and RX. For the LSS case, the maximum MIMO channel capacity is 13.37 bps/Hz, followed by 13.17 bps/Hz at separation distances of 76.7 and 15 m and at a relative speeds of 31.7 and 8.8 km/h, respectively. For the MSS case, the maximum mean MIMO capacity is ≈13.0 bps/Hz, followed by 13.0 bps/Hz at separation distances of 13.1 and 29.6 m and at the relative speeds of 29.3 and 15 km/h, respectively. While for the SSS case, the maximum mean MIMO capacity is 13.57 bps/Hz, followed by 12.8 bps/Hz at separation distances of 62 and 18.4 m and at the relative speeds of 21.6 and 28.3 km/h, respectively. The reason for the measured maximum mean MIMO-OFDM capacity being higher than the theoretical maximum 2 × 2 MIMO capacity of 13.32 bps/Hz is considered to be due to the averaging over the OFDM subcarriers.
MIMO channel capacity against separation distance
From the observation of the environment, we approximately categorized the scenarios as follows. The TX-RX separation distances of less than 100 m were categorized as the LOS path. The TX-RX separation distances of more than 100 m were categorized as NLOS scenario. These assumptions match with the geometry of the measurement environment. It is evident that there is an increase in the local minima of the mean capacity, as the separation distance between TX and RX links increases for all the three subcarrier spacings. This is possible due to the expected lower spatial correlation between the different MIMO subchannels caused by the presence of NLOS and a larger number of scatterers (trees, vegetation, metallic fence, buildings, and sometimes moving vehicles) as TX and RX separation distance increases. The lower capacity values in LOS may be due to the degenerated channels typical in the LOS case, while the higher capacity values in LOS compared to NLOS can be explained by the greater angular spacing of the MIMO subchannels. Figures 23 and In general, Fig. 22 clearly shows a correlation between the MIMO channel capacity variation and the TX-RX separation distance, i.e., MIMO channel capacity has a larger variation in near-range LOS conditions and a smaller capacity variation in far-range NLOS conditions. The possible cause of the larger capacity variations for near-range LOS propagation is greater angular spacing between the MIMO subchannels. There is greater angular spacing between the MIMO subchannels for LOS links and less angular spacing between the MIMO subchannels for farrange NLOS links, as illustrated in Fig. 2 . Figure 2 shows that as the degree of angular spacing between the MIMO subchannels becomes smaller, the correlation between the received signals becomes larger, as the differences in the length of the MIMO subchannel paths decrease. This greater angular spacing causes the different MIMO propagation paths d 11 and d 12 , as well as d 21 and d 22 , to be orthogonal, therefore increasing the expected channel capacity. The figure explains our rationale to relate the degree of angular spacing between the MIMO subchannels and the correlation between the received signals. Most LOS conditions in our measurements met the criteria for maximum capacity as stated in Eq. (6), which indicates that the propagation paths should meet the conditions d 11 and d 12 and d 21 and d 22 that occur when both the TX and RX arrays are parallel. These conditions are It is observed that the maximum capacities for all subcarrier spacing scenarios were achieved by the LOS case despite the assumed highly correlated channel. This is a surprising result, because signal SNR is not a function of location in our analysis since we considered a fixed signal SNR = 20 dB in order to separate the effects of signal SNR variations. In this measurement, TX-RX antenna arrays are separated far apart on each side of the link (TX = 6λ and RX = 3λ) which is considered to contribute to the de-correlation of the MIMO subchannels in nearrange LOS scenarios and to result in a full-rank MIMO channel and lead to the achievement of maximum MIMO capacity in LOS scenarios. The results are consistent with the phenomenon known as LOS MIMO in the literature [14, 24, 25, 42] .
Based on the maximum LOS MIMO capacity criteria presented in the previous sections, we investigated a 2 × 2 MIMO V2I system operating in LOS and NLOS conditions. The TX-RX separation distance D varies between 3 and 250 m as the RX vehicle drives away from TX at a carrier frequency f = 920 MHz and fixed antenna array spacing s 1 = 2 m at TX and s 2 = 1 m at RX; θ and D opt varies as the RX vehicle drives around the vicinity. At a TX height of 3.6 m and a RX height of 1.8 m, the calculated optimal LOS TX-RX separation distance D opt that will satisfy (9) for r = 0 and θ = 40 • is D opt = 7.8 m.
In our MIMO-OFDM MSS case, the measured C max ≈ 13.0 bps/Hz which is the same as the theoretical maximum LOS-MIMO capacity C max = 13.0 bps/Hz that was achieved at a LOS path corresponding to the theoretical D opt = 13.1 m, which satisfies (9) for fixed f = 920 MHz, s 1 = 2 m, s 2 = 1 m, θ = 0, and r = 0. While for the case of LSS and SSS, a higher value than the theoretical maximum capacity of C max = 13.37 bps/Hz and C max = 13.57 bps/Hz, respectively, was achieved at LOS distances of D = 76.7 m and D = 62 m, respectively. This shows that our antenna spacing satisfied the criterion for achieving the maximum MIMO capacity in LOS situations by proper positioning or spacing of the antenna elements in such a way to achieve orthogonality between spatially multiplexed signals of MIMO systems, resulting in a high-rank channel response matrix. In conclusion, all the maximum capacity values were achieved at near-range LOS and the measured capacity shows very close agreement with the theoretical values of optimal LOS MIMO capacity with very small variations which we attribute to minor inaccuracies in the positioning and orientation of the antenna elements. This validates the LOS maximum capacity criterion for achieving orthogonality between spatially multiplexed signals of MIMO systems in LOS channels by employing specifically designed antenna arrays.
Conclusions
A novel 2 × 2 MIMO testbed has been designed and implemented for three different subcarrier spacings. The MIMO testbed is based on a software-defined radio platform where flexible signal processing can be implemented. The testbed has been used to carry out measurements at a frequency of 920 MHz. We have investigated the channel capacity of a MIMO-OFDM V2I channel under both LOS and NLOS propagation scenarios. We examined a method to achieve orthogonality between spatially multiplexed signals in MIMO V2I communication systems operating in a LOS channel. Our analytical results show that the maximum capacity can be achieved under LOS scenario with proper antenna element spacing despite the effects of higher correlation and reduced rank of the channel response matrix which can be counterbalanced by deliberate separation of antenna elements that preserves orthogonality; this results in a full-rank MIMO channel matrix, and thus, high MIMO capacity is achieved in LOS cases. As anticipated, when the vehicle is driving closer to the TX roadside infrastructure unit, the greatest capacity values are observed in LOS conditions. We observed that even with some deviation from optimal design, the LOS MIMO case outperforms the theoretical i.i.d. Rayleigh performance (11.5 bps/Hz) in terms of Shannon capacity. We investigated the MIMO channel capacity for different positions of the receiver vehicle. Interestingly, since the maximum capacity of LOS-MIMO systems does not depend on the existence of scatterers, there is no particular limit on the linear increase of the system capacity. The presented results demonstrate that the MIMO channel benefits from the movement of the receiver from NLOS to LOS conditions, as the detrimental effect of increased correlation between the received signal is outweighed by the advantageous effect of high angular spacing of the sub-paths. These results show the strong dependence of the MIMO capacity on antenna array spacing and the correlation of the channel response matrix. This measurement demonstrates the significance of using optimally interspaced MIMO antenna array elements at each of the radio links to increase the capacity of MIMO systems over SISO systems.
